In this study, based on the cases of strong and weak June-August (JJA) mean convection over the tropical western North Pacific, composite analyses are performed by using the satellite-observed outgoing longwave radiation (OLR) data for the 23-yr period from 1979 to 2001, and the contrast features of the composite seasonal evolution of the convection between the strong and weak cases are examined. Anomalous annual cycle and 30-60-day oscillations, that is, two components of the seasonal evolution, and their relative contributions to the anomalous seasonal evolution is analyzed.
Introduction
The convection over the tropical western Pacific influences the rainfall and circulation over East Asia and even over North America (e.g., Nitta 1987; Huang and Sun 1992; Wang et al. 2001) . This association between convection over the tropical western Pacific and the circulation in the middle latitudes, however, depends on the subseasonal period (Tsuyuki and Kurihara 1989) . Lu (2004) also showed that the convection over the tropical western North Pacific is intimately related to East Asian rainfall and the East Asian uppertropospheric jet stream in summer on the interannual time scale, and this relationship has a monthly dependence. Furthermore, there is some evidence for the tropical-extratropical interaction over the western North Pacific and East Asia on intraseasonal time scales (Chen and Murakami 1988; Kawamura and Murakami 1995; Fukutomi and Yasunari 2002) . Therefore, a better understanding of the seasonal evolution of convection over the tropical western Pacific is also helpful toward understanding the extratropical climate anomalies.
The seasonal evolution may be divided into an annual cycle and intraseasonal oscillations. The range of 30-60 days is a dominant band of periods in the intraseasonal oscillations, and the areas of the largest 30-60-day variance consist of a double maxima centered over the Indian Ocean and tropical western North Pa-cific (Knutson et al. 1986; Chan 1986, 1988; Ren and Huang 2003) . Murakami et al. (1986) showed that in the tropical western North Pacific, the intraseasonal oscillations are more pronounced during summer than winter. During summer, 30-60-day oscillations exhibit prominent northwestward propagation in the western North Pacific (Lau and Chan 1986) .
Unfortunately, regarding the convection over the tropical western North Pacific in summer, the relationship between the intraseasonal oscillations and the seasonal mean (or its interannual variability) has not been clarified. There are few studies on this relationship. Many previous studies investigated the seasonal evolution and did not attempt to relate it to the seasonal mean (e.g., Lau and Chan 1986; Murakami and Matsumoto 1994; Ueda et al. 1995; LinHo and Wang 2002) . These studies showed that convection over the tropical western North Pacific exhibits a considerable seasonal evolution, and the most remarkable enhancement occurs in late July. Other studies examined the intraseasonal oscillations over the western North Pacific, but they focused on their phase locking with the seasonal cycle (Kang et al. 1989; Nakazawa 1992; Tanaka 1992) . In fact, the convection over the western North Pacific shows a clear year-to-year variation in the seasonal evolution. Ueda and Yasunari (1996) found that the abrupt northward shift of the active convective region in late July occurs in some years, but not in other years, and explained this year-to-year variation by the time-lag interaction among convection, circulation, and the underlying ocean surface. However, they did not relate this year-to-year variation in seasonal evolution to the interannual variation in seasonal mean. Teng and Wang (2003) did examine the interannual variations of intraseasonal oscillations in the western Pacific, but they viewed the interannual variations in terms of the ENSO. That is, they investigated the linkage between the intraseasonal oscillations and ENSO. These studies, therefore, could not come to a conclusion on the relationship between the intraseasonal oscillations and the seasonal mean of the convection over the tropical western North Pacific. Regarding the summertime convection over the tropical western North Pacific, is the anomalous seasonal evolution related to the seasonal mean anomalies? Are the intraseasonal oscillations modulated by the annual cycle and the interannual variation essentially, or to large extent, driven by external conditions? These questions will be addressed in the present study. This study will also address the relative contributions of the annual cycle and 30-60-day oscillation to the total seasonal evolution on the interannual time scale and for climatology.
We show the climatological seasonal evolution of convection over the tropical western North Pacific in section 3, after a brief description on data and methods used in this study in section 2. The year-to-year variation in seasonal evolution is analyzed in section 4. Composite differences in the annual cycle and 30-60-day oscillation between the cases of summer mean strong and weak convection are presented in section 5. The relative contributions of the annual cycle and 30-60-day oscillation to the total seasonal evolution for climatology and on the interannual time scale are addressed in section 6, and section 7 is devoted to a summary and discussion.
Data and analysis procedure
In this study, we use the National Oceanic and Atmospheric Administration (NOAA) satellite-observed outgoing longwave radiation (OLR) data for the 23-yr period from 1979 to 2001 (Gruber and Krueger 1984) . The climatology represents the average over these years. The daily mean data are used in this study to calculate the components of the annual cycle and 30-60-day oscillation and to obtain the nonoverlapping pentad mean data.
In this study, we calculate the annual cycle for each year based on the data for that year alone and obtain the daily anomalies by removing the annual cycle of each year. The annual cycle for any particular year is defined by the sum of the annual mean and the first three harmonics at each grid point. It should be noted that by doing the harmonic analysis for each year, there may be end effects for about one month on each end, though this will not affect the results for the JuneAugust (JJA) period. Then we apply a bandpass filter as in Murakami (1979) to the detrended daily anomalies to obtain the 30-60-day component for each year. By this approach, both the annual cycle and 30-60-day oscillation have year-to-year variations. A composite analysis is performed to examine the differences in seasonal evolution and in its two components between the cases of strong and weak JJA mean convection over the tropical western North Pacific.
In this study, to choose the cases of strong and weak JJA mean convection we averaged OLR anomalies over the region (10°-20°N, 110°-160°E). This region includes the eastern extent of the South China Sea and the Philippine Sea, and is identical to that of Wu and Wang (2001) and of Lu (2001 Lu ( , 2004 . The year-to-year standard deviation of JJA mean OLR anomalies is relatively large over this region (e.g., Lu 2001) .
Based on the interannual variations of JJA mean OLR anomalies averaged over the region (10°-20°N, 110°-160°E: see Fig. 6 in this paper), we selected the cases in which the absolute values of the OLR anomalies are greater than half a standard deviation and performed composite analyses based on these cases. The strong convection cases are 1981, 1984, 1985, 1989, 1990, 1994, 1999, 2000, and 2001 (nine cases) , and the weak convection cases are 1979, 1980, 1983, 1987, 1993, 1995, 1996, and 1998 (eight cases) . These weak convection cases are identical to those in Lu (2004) , while the strong convection cases have three extra years (1999, 2000, and 2001) and miss one year (1986). This difference in the chosen cases between the present study and Lu (2004) results from the extension of the data length. These cases appear to be related to the ENSO phases. The weak convection cases are in either El Niño decaying phase (1983, 1987, 1995, and 1998) or non-ENSO phase (1979, 1980, 1993, and 1996) . The strong convection cases tend to be in the La Niña decaying phase (1985, 1989, 1999, and 2000) , but include a year of La Niña developing phase (1984) and a year of El Niño developing phase (1994) , showing a more intriguing relation to the ENSO phases. This weak link between summer convection and ENSO decaying phase is consistent with previous studies (Wang et al. 2000; Lu 2002 ). Figure 1 shows the climatological seasonal evolution of OLR averaged over 10°-20°N. To remove the short time scale disturbances, pentad mean data are used in this section and section 4. The convection exhibits an abrupt seasonal evolution climatologically. Convection is enhanced rapidly around pentad 34 (15-19 June) over the Philippine Sea. Another more remarkable enhancement occurs and the enhanced convection extends farther eastward around pentad 41 (20-24 July) after a slow eastward extension during pentads 34-40. These features of the climatological seasonal evolution are in agreement with previous studies (Murakami and Matsumoto 1994; Ueda et al. 1995; Wu and Wang 2001) . Convection is suppressed in early August and then enhanced again in mid August. Finally, in late August convection is suppressed again. 
Climatological seasonal evolution

Composite differences in the seasonal evolution between the strong and weak cases
Figures 2b and 2c show the contour for 205 W m Ϫ2 of composite OLR for the strong and weak cases, respectively, for each pentad from pentad 31 (31 May-4 June) to pentad 49 (29 August-2 September). The composite seasonal evolution of convection is distinctly different between the strong and weak cases. The convection for the strong cases exhibits great differences before and after pentad 41 (Fig. 2b) , that is, convective activity shifts poleward and is enhanced after pentad 41, which is the onset time of the western North Pacific monsoon in the climatological sense. The extent of both the poleward shift and enhancement is much more remarkable than the climatology (Fig. 2a) . On the other hand, composite convective activity for the weak cases does not exhibit a considerable seasonal evolution, although it also slightly shifts poleward and is enhanced after pentad 41 (Fig. 2c) .
The composite convection differences between the strong and weak cases do not appear uniformly throughout the whole summer and over the Philippine Sea, but tend to appear over the western extent in the first half of summer and over the eastern extent in the second half of summer (Fig. 3) . Comparing Fig. 3 to Fig.  1 indicates that in the strong convection summers, anomalously strong convection interestingly coincides with the climatological enhancement of convection. In the climatological sense, the convection over the Philippine Sea roughly experiences three rapid enhancements during summer, that is, in mid June, late July, and mid August, respectively (Fig. 1) . Thus, the three enhancements of the composite convection for the strong cases are more remarkable than those for the weak cases. The results shown by Figs. 2 and 3 strongly indicate that the seasonal evolution of convection in the tropical western North Pacific is related to interannual variations of the seasonal means.
The composite seasonal evolution exhibits a distinction between the strong and weak convection cases not only in summer but also in the previous seasons. Figure  4 shows the seasonal evolution of OLR averaged over the region (10°-20°N, 110°-160°E) for a 23-yr mean, and for the strong and weak cases, respectively. Climatologically, convection in the tropical western North Pacific generally becomes enhanced from April to August and is suppressed from September to March. Corresponding to the strong (weak) cases, convection is enhanced (suppressed) as early as the preceding winter and persists until the end of summer (Fig. 4a) . The composite seasonal evolution for the strong and weak cases shows a clearer distinction in summer and, interestingly, such a distinction almost disappears suddenly from September onward (Fig. 4) . 
Composite differences in the annual cycle and 30-60-day oscillation between the strong and weak cases
In this section, the annual cycle and 30-60-day oscillation, that is, the two components of the seasonal evolution, are respectively examined. Figure 5a shows the composite OLR differences in the annual cycle component between the strong and weak cases. Interestingly, strong JJA mean convection corresponds to enhanced convection of the annual cycle over the South China Sea and the Philippine Sea almost throughout the year, indicated by the negative values over these regions. As mentioned in section 2, however, the annual cycle for about one month on each end may be affected at the end effects by doing the harmonic analysis for each year, and should not be considered seriously. The large negative values in the composite differences appear around the Philippine Islands in May and extend eastward into the Philippine Sea in June and July. This eastward extension during summer is similar to the differences in the total seasonal evolution (Fig. 3) . However, the values of the differences are quite different between Figs. 5a and 3. The greatest composite differences in the annual cycle are about Ϫ15 W m Ϫ2 (Fig. 5a ), while those in the seasonal evolution are about Ϫ40 W m Ϫ2 (Fig. 3) . For the small aspects, there are distinct differences between the annual cycle and seasonal evolution. Particularly, the composite differences in the seasonal evolution are relatively smaller around mid-July, while those in the annual cycle are around their maximum. These differences between the annual cycle and seasonal evolution suggest a crucial role of intraseasonal oscillations. In the following sections, 5b and 6, we will investigate the 30-60-day oscillations, one dominant band of intrasea- sonal oscillations, and discuss the reason for these differences. Figure 5b shows the annual cycle components in each year of the chosen cases. The annual cycles for the strong and weak cases are distinguished by the solid and dashed lines. Strong JJA mean convection corresponds to enhanced convection of the annual cycle from the beginning of the year to September. After September, the annual cycles for the strong and weak cases tend to be indistinguishable. The greatest differences in the annual cycle between the strong and weak cases appear from May to August. In addition, from May to August, the case-to-case variations for the strong cases appear to be smaller than those for the weak cases. Taking these case-to-case variations into account, it can be inferred that the composite differences in the annual cycle are more significant from May to August.
a. Annual cycle
The annual cycle component contributes dominantly to the interannual variation of the seasonal mean (Fig.  6) . The interannual standard deviations of the seasonal mean and the annual cycle component are 7.0 and 5.6, respectively. The correlation coefficient between the interannual time series of the seasonal mean and the annual cycle is as high as 0.88.
b. 30-60-day oscillation
Figures 7a and 7b show the composite 30-60-day components of OLR anomalies for the strong and weak cases. The composite oscillations for the strong cases exhibit a westward propagation, and their periods are about 30-60 days (Fig. 7a) . The amplitudes of composite OLR anomalies for the weak cases are smaller than those for strong cases, particularly at the first half of summer. In addition, the composite 30-60-day components tend to be in phase for the strong and weak cases. The composite differences between the strong and weak cases (Fig. 7c) are similar to the composite anomalies for the strong cases, again indicating that the amplitude of the composite OLR anomalies for the strong cases is greater than that for the weak cases. Figure 8 shows the composite root-mean-square (rms) amplitudes for the strong and weak cases and their difference. The amplitude becomes larger after May for both the strong and weak cases (not shown in Figs. 8a and 8b ). For the strong cases, there are two separate centers for great amplitudes, one over the South China Sea and the other over the Philippine Sea (Fig. 8a) . For the weak cases, however, the large amplitude centers appear merely over the South China Sea (Fig. 8b) , although the large amplitudes also extend to the Philippine Sea in July and August. In addition, the composite rms amplitudes for the strong and weak cases tend to be in phase, particularly over the South China Sea. The difference in amplitude between the strong and weak cases (Fig. 8c) illustrates that the amplitude averaged over the strong cases is roughly greater east of 125°E and smaller west of 125°E than that averaged over the weak cases.
The deviation, depicted by the case-to-case standard deviation of the 30-60-day oscillations, shows a distinct difference between the strong and weak cases. The case-to-case standard deviation of the 30-60-day components for the strong cases is around five over the South China Sea and Philippine Sea (Fig. 9a) , but generally exceeds five, and even occasionally eight, for the weak cases (Fig. 9b) . In addition, the large deviation tends to extend farther westward into the Bay of Bengal for the weak cases. The difference in deviation between the strong and weak cases (Fig. 9c) indicates that the deviation among the strong cases is smaller than that among the weak cases from 110°to 160°E and basically for the whole summer. This suggests that the phase locking is more pronounced in the strong cases than in the weak cases.
For both strong and weak cases, the spatial patterns of deviation (Figs. 9a and 9b) are very similar to those of amplitude (Figs. 8a and 8b ), although the values are different from each other. This suggests that great deviation is closely associated with large amplitude.
Relative contributions of the annual cycle and 30-60-day oscillations to the seasonal evolution
In the preceding section, we examined separately the annual cycle and 30-60-day oscillations. In this section, we analyze the relative contributions of these two com- ponents to the climatological seasonal evolution and interannual variation of seasonal evolution. Figure 10 shows the climatological mean of the annual cycle and 30-60-day oscillation, and their sum. The climatological annual cycle (Fig. 10a) captures the slowly varying features of the climatological seasonal evolution (Fig. 1) , showing that enhanced convection extends eastward in June and July. However, the climatological annual cycle does not show any rapid enhancements that can be seen clearly in the climatological seasonal evolution.
In June and July, the climatological 30-60-day oscillations exhibit positive and negative signs in the first and second halves of each month (Fig. 10b) . However, in August, negative values appear in the first half of the month, and positive values in the second half. It has been mentioned in the preceding section that the composite 30-60-day components tend to be in phase for the strong and weak cases. Actually, some previous studies have indicated that the 30-60-day oscillations are phase locked to the climatological annual cycle during summer in the tropical western North Pacific (Kang et al. 1989; Nakazawa 1992; Tanaka 1992) . Figure 10b also indicates this feature of phase locking of the 30-60-day oscillations.
The total convection of the climatological annual cycle and 30-60-day oscillations (Fig. 10c ) exhibits two rapid enhancements over the Philippine Sea around mid-June and mid-July, respectively, and several fluctuations in August. These features are very similar to the climatological seasonal evolution (Fig. 1) , although the amplitude of fluctuations for the total convection is lower than that for the climatological seasonal evolution.
The annual cycle and 30-60-day oscillations contribute also to the interannual variation of seasonal evolution. Figure 11 shows the composite differences in total convection of the annual cycle and 30-60-day oscillations between the strong and weak cases. They do not appear uniformly throughout the whole summer and over the tropical western North Pacific, but tend to appear over the western extent in the first half of summer and extend eastward into the eastern extent in the second half of summer, and are relatively smaller in mid-July. After mid-August, they seem to extend again ← FIG. 9. As in Fig. 8 , but for the case-to-case standard deviation of 30-60-day oscillations among the composite cases. Values greater than 6 are shaded in (a) and (b) and values greater than 1 and less than Ϫ1 are heavily and lightly shaded, respectively, in (c).
to the west. Comparing Figs. 11 and 5a indicates that these fluctuations in the composite differences result from the individual differences in the 30-60-day oscillations. The spatial distribution in Fig. 11 is similar to that in Fig. 3 , although the former shows smaller values than the latter. Actually, the pattern correlation coefficient between Figs. 3 and 11 is 0.66, while that between Fig. 3 and its corresponding part in Fig. 5a is 0.49, quantitatively indicating that both the annual cycle and 30-60-day oscillations contribute significantly to the interannual variation of seasonal evolution. Due to the strong autocorrelations in Figs. 3, 5, and 11 the daily values are transferred to nonoverlapping pentad means before calculation of the pattern correlation coefficients.
Summary and discussion
In this study, the daily mean OLR data from 1979 to 2001 are used to examine the different features of seasonal evolution of the convection over the tropical western North Pacific during summer by performing composite analyses based on strong and weak JJA mean convection cases. These cases are selected according to the interannual variations of JJA mean OLR anomalies averaged over the eastern extent of the South China Sea and the Philippine Sea (10°-20°N, 110°-160°E). The annual cycle and 30-60-day oscillations are analyzed and their contributions to the total seasonal evolution are also investigated.
When the JJA mean convection is stronger in this region, anomalously strong convection does not appear uniformly throughout the whole summer, but coincides with the three climatological convection enhancements that occur in mid-June, late-July, and mid-August, respectively. Therefore, in the composite sense, convection exhibits a large seasonal change during strong JJA mean convection summers, but shows a small seasonal change during weak convection summers. The annual cycle and 30-60-day oscillations, that is, two components of the seasonal evolution, are investigated separately. It is found that strong (weak) JJA mean convection corresponds to enhanced (suppressed) convection of the annual cycle from the beginning of the year to September, and these differences in the annual cycle between the strong and weak cases are most significant from May to August. In addition, the annual cycle component contributes dominantly to the interannual variation of the seasonal mean. The amplitudes of composite 30-60-day oscillations for the strong cases are greater than those for the weak cases, and the phase locking of 30-60-day oscillations is more pronounced for the strong cases than for the weak cases.
The climatological annual cycle captures the slowly varying features of the climatological seasonal evolution, showing that enhanced convection extends eastward in June and July. On the other hand, the 30-60-day component is partially responsible for the rapid fluctuations of the climatological seasonal evolution during summer. In addition, both the annual cycle and 30-60-day oscillations contribute to the interannual variation of the seasonal evolution. The annual cycle is responsible for the eastward extension of the enhanced convection in time in the composite differences between the strong and weak cases, and the 30-60-day component is responsible for weak differences in midJuly.
The strong and weak cases in this study almost coincide with the typical and atypical years in Ueda and Yasunari (1996) , respectively, during their analyzing period (from 1980 to 1994) . The only exception is the year 1980, which is selected as a typical case in Ueda and Yasunari (1996) but a weak case in the present study. Ueda and Yasunari defined the typical years when the abrupt northward shift of convective activity (convection jump) occurs over the region (15°-25°N, 150°-160°E) during pentads 42 and 43, and the atypical years if otherwise. This similarity in cases confirms the present conclusion that convection exhibits a large (small) seasonal change during the strong (weak) JJA mean convection summers. Actually, in Fig. 3 of this paper, one can find enhanced convection at the end of July (pentads 42 and 43) around the specific region of Ueda and Yasunari (1996) . Furthermore, such convection enhancement can also be found in our Fig. 7a , but not clearly in Fig. 7b , suggesting that the 30-60-day oscillations partly contribute to the interannual variation of the convection jump.
This study does not address the physical mechanisms responsible for the relation between the anomalous seasonal evolution (or 30-60-day oscillations) and the seasonal mean anomalies. Our ongoing research work showed that the ENSO may influence the seasonal evolution and 30-60-day oscillations of convection over the western North Pacific in boreal summer. The seasonal evolution and 30-60-day oscillations associated with the ENSO resemble to some extent but differ noticeably from those shown in this study. Actually, summer mean convection over the western North Pacific is associated with weak SST anomalies in the Tropics on an interannual time scale (e.g., Wang et al. 2001 ). In addition, the selected strong and weak convection cases in the present study include many non-ENSO phases (1979, 1980, 1981, 1990, 1993, 1996, and 2001) . These results suggest that the relation between the anomalous 30-60-day oscillations and the seasonal mean anomalies may result from other external forcings or, more likely, from internal variability of the atmosphere as well as from the ENSO. Progress in understanding the relevant physical mechanisms is likely to require reasonable simulation of the intraseasonal oscillations over the western North Pacific during boreal summer by numerical models.
